INTRODUCTION
The population dynamics of species in natural plant communities are extremely complex. The processes involved can be more readily discerned by studying simpler systems, such as the relationships between a weed species and an arable crop. This study in plant demography concerns such a system, viz. charlock (Sinapis arvensis L.) associated with winter and spring cereal and the accompanying fallow.
The biology of charlock has been described by Fogg (1950) and Mulligan & Bailey (1975) . The species was a common weed of cereal crops until the advent of selective herbicides to which it is highly susceptible (Fryer & Evans 1968; Fryer & Makepeace 1972) . The seeds have a remarkable capacity to survive for long periods in the soil, 60-yr old viable seeds having been found at depths down to 30 cm (Brenchley 1918) . Most seeds remain dormant in the soil for about 2 years, and germination is further prevented 0021-8901/80/0400-0151$02.00 01980 Blackwell Scientific Publications when seeds are buried to a depth of more than a few cm (Edwards 1968) . When brought to the surface the seeds germinate under favourable environmental conditions in spring or autumn (Chippindale & Milton 1934; Milton 1943; Chepil 1946a, b ; von Hofsten 1947b; Kolk 1947; Bibbey 1948; Champness & Morris 1948; Fogg 1950; Chancellor 1964; KrophC 1966; Thurston 1966; Wesson & Wareing 1969 ).
An initial survey of charlock plants was made in a field in order to establish the correct number of plants for some experimental populations. Changes in plant numbers at different stages of development, the reproductive capacity and survival were monitored continually for 3 years. Analysis of these results in conjunction with meteorological data form the basis of this study.
METHODS

Field survey
Three permanent quadrats each of 58 m2, divided into 2.3 m2 working areas were marked out on a farm field which had been under cultivation for several years. The quadrats were located in a wheat crop at the beginning of July when regions of low, medium and high densities of charlock could readily be detected. The sites were marked permanently with posts buried beneath the plough line, set in position using a theodolite and fixed angles and distances from landmarks around the field. In the initial survey all the plants were counted, and the point of root insertion and the maximum radius of the inflorescence of each plant were mapped to give some idea of the distribution and sizes of the plants comprising the population. Fifty mature specimens were collected at random from the surrounding area to estimate the number of seeds formed per plant. Throughout the first annual cycle, all the plants on the survey areas were counted at two-weekly intervals. Less comprehensive studies were continued for a further 2 years.
Experimental plots Experimental plots were established at Sutton Bonington in autumn on land previously occupied by permanent grassland and known to be completely free from charlock. The soil was a sandy loam (Astley Hall complex) overlying Keuper Marl (Thomasson 1971) . The plots were arranged in a randomized factorial design consisting of four blocks of twelve treatments, viz. autumn or spring cultivation, with or without cereal, and with zero, low or high density charlock seed populations. Each plot was 3.3 m2 with a boundary guard zone and a 1.5 m2 working area within. The plots were, separated by paths 0.9 m wide and were cultivated once a year to a depth of about 20 cm, and continually handweeded to remove seedlings of all species other than cereal and charlock. Autumn wheat was sown in late October or early November, and spring wheat in early to mid-March. The cereal was drilled in rows 18 cm apart at a standard density of 20 g m-2 (c. 400 plants m-2). The low density of charlock seeds was 120 seeds m-2, and the high density 480 seeds m-2, assuming 10% germination (Edwards 1968) ; these rates were calculated to give densities of plants in the first year comparable to the low and high population densities observed in the field survey. The charlock seed was a graded sample (>2 mm diameter) from plants taken from the field survey quadrats and this was sown uniformly over the surface of each plot after cultivation. No further charlock seeds were artificially introduced while the experiment lasted although natural seed fall from established plants was permitted and monitored. The zero density plots provided a check on the initial lack of buried seeds in the area and, later, on the extent of spread over short distances.
The plots were studied over a period of three years. The numbers of charlock plants in the cotyledon, vegetative or flowering stage on each plot were counted weekly in spring and autumn when germination was rapid and fortnightly at other times throughout the year. Estimates of seed fall were obtained from the numbers collected in small cartons which were fixed in random positions to cover 5-6% of the working area. After counting, the seeds were returned to the ground.
Meteorological observations were derived from a station situated about 100 m from the plots. Total daily solar radiation was not, however, recorded at Sutton Bonington until the third year; for the two previous years data from the National Vegetable Research Station, Wellesbourne (year 1) and Cambridge (year 2) were used. The early measurements were derived from the number of sunshine hours at Sutton Bonington and the isopleths of the distribution of total solar radiation over the British Isles (Day 1961) . Maximum and minimum daily air temperatures at 1.2 m, soil temperature at 0.1 m under a grass sward at 10.00 hours and measurements of daily rainfall are those on the meteorological site at Sutton Bonington. The soil water content was calculated throughout from the precipitation and potential transpiration rates for the Nottingham/Leicestershire area by the method of Penman (1967) .
RESULTS
Field survey
In July (year 1) there were 2.8, 4.5 and 11.3 plants m-2 on the low, medium and high density quadrats respectively (Table 1) . Subsequently in autumn new seedlings emerged in proportion to the number of parent plants. These plants did not survive the winter and in spring new seedlings emerged before and after cultivation; most of the latter developed into flowering plants. By June (year 2) the numbers of mature plants at each density were about three times greater than in the previous year (Table I) , but during the next 2 years the overall mean number fluctuated from 6.1 (year 2) to 16.8 (year 3) plants m-2.
Counts from each of the 2.3 m2 working areas over all the permanent quadrats were grouped on the basis of density of charlock plants, and the frequency distribution of inflorescence size was determined (Fig. 1 ). In areas with 0 to 4 plants m-2 ( Fig. l(a) ) the * Calculation based on estimate of annual seed population (500 seeds plant-').
The ecology of charlock frequency distribution of inflorescence size was markedly skewed, and the modal value was about 10 cm. Over most areas there were 4 to 17 plants m-2 (Figs l(b-d)) with many inflorescences about 25 cm diameter and some more than 100 cm diameter. The skewness of the frequency distribution decreased with increase in charlock density. Where there were 17 to 20 plants m -2 ( Fig. l(e) ) none of the inflorescences reached the maximum size observed at lower densities. The observed distributions appeared to show a Poisson-type distribution, but when expected values were calculated for each from the Poisson distribution with the same mean, X2 tests led to the rejection of the hypothesis in all but the highest density.
A simple linear relation was found between mean plant size expressed as diameter of inflorescence (y) and plant density (x) (y = 8.78 + 0.13 x, r " 0.45) (Fig. l(f) ); that is, plants increased in size with increase in charlock density, possibly due to decrease in density of other weed species and the cereal crop. At the highest density there was a diminution in maximum plant size, implying a non-linear relation between plant size and plant density over the higher part of the range, but the quadratic component of the regression was not significant. In field populations charlock is not a highly competitive weed species, and intra-specific competition between neighbouring charlock plants appears to be significant only in areas with densities above about 20 plants m-2. Figure 2 describes the changes observed in the overall total charlock population at different stages of development over the three year period. In the first year, seedlings emerged between March and early May (Fig. 2(a, b) ), but during the growth of the crop the charlock population declined, presumably because some plants succumbed through competitive stress within the crop. The life span from germination to seed fall was 16 to 20 weeks ( Fig. 2(b-d) ), and at the end of the reproductive phase all these plants died, as the habit of the species is strictly annual. The total number of plants increased markedly in autumn with the emergence of new seedlings. The number subsequently declined in winter because some young plants died but particularly because those in the autumn cultivated plots were destroyed.
Experimental plots Seasonal variation in the charlock population
In the second year, seedlings began to emerge early in February. Those on the spring cultivated plots were destroyed, and although more seedlings emerged there was restricted germination and death of young seedlings on all the plots ( Fig. 2(a, b) ). The maximum number of plants was reached in late May, but thereafter in drought conditions the number declined, and the size, form and reproductive capacity of survivors were severely reduced, as the growth and development of axillary branches bearing flowers and seeds was restricted, and most of the plants developed too late for successful seed maturation and dispersal ( Fig. 2(c, d) ). In contrast to the previous year very few autumn seedlings were produced. Thus the pattern of the life cycle was different from the previous season, when all the seed bearing plants matured in July, and the autumn population represented a new generation of plants.
The re-establishment of the species in the third year must have come from buried seeds initially sown on the plots (about 32 OOO), seeds shed two seasons previously (an estimated 348 980) and in the second year (2880), minus all the seeds which had germinated (9500) or perished in the ground (unknown). Large numbers of seedlings emerged in mid-April ( Fig. 2(a, b) ). Although the spring population was greater than in the first year, fewer seeds germinated in autumn ( Fig. 2(c, d) ).
Effect of climate on the charlock population
The characteristic sinusoidal trends in the meteorological data mark the seasons of the year (Fig. 3) . The calculated monthly values (broken line) for the solar radiation in the first year fail to show the actual short periods of high daily solar radiation that occurred in May ( Fig. 3(a) ). The second growing season was marked by unusually high levels of daily solar radiation, which extended from the end of April until late September, except for one short period in July. The third growing season was comparatively dull and cloudy, when neither solar radiation nor sunshine hours reached a high summer peak. The soil temperature at a depth of 10 cm was about half-way between the maximum and minimum air temperature ( Fig. 3(b) ). Weekly rainfall was most erratic and seasonal trends could not be discerned. The values for the weekly rainfall were used to calculate the soil water deficit throughout the profile (Fig. 3(c) ). The high, above average, levels of solar radiation associated with lack of rainfall and high evaporative demand during April, May and June led to a steep decline in soil water and drought in the second year. The accumulated soil water deficit gives only a general estimate of the water available for growth in a climate where the surface soil is frequently rewetted by small quantities of precipitation; the soil water in the upper 10-20 cm was estimated from the weekly rainfall.
There was an obvious relation between the varying weather conditions and the changes in the charlock population. Drought, associated with high rates of evaporation due to high radiation reduced plant numbers. The prodigious development of autumn seedlings in the first year was due to favourable environmental conditions during the period of seed development, maturation and autumn germination, whereas in the third year, the summer conditions were generally cool, cloudy and wet, and for this reason the plants matured slowly, and fewer seeds germinated in autumn. The primary effect of climate appeared to be on the earliness of germination and seedling emergence and establishment in the spring (Fig. 4(a) ). Examining spring conditions over all 3 years, it appears that seedlings began to emerge when the mean weekly soil temperature at 10 cm depth was above 4.4 "C. Seedling emergence also occurred at the same time as or just after rainfall. The high seedling numbers in the second and third year were closely associated with favourable temperature and rainfall conditions. Soil temperature was not critical for germination of newly shed seeds ir autumn (Fig. 4(b) ).
EfSect of experimental treatments on the charlock population
The experimental treatments were designed to study the effects of charlock population density (intra-specific competition), the presence of a winter or spring cereal (inter. specific competition), and season of cultivation. The six successive generations from autumn and spring germination are shown in Fig. 5 ; the values are based on the total number of plants emerged over all the plots in each generation including mortality. For statistical analysis of treatment effects the transformation d x + 0.375 was used. The unsown, uncontaminated treatments were not included in the analysis. 
Inter-speczjic competition, effect of cereal
The presence of either winter or spring sown cereal reduced significantly (P < 0.001) the total number of charlock plants in both spring and autumn populations (Tables 2, 3 , Figs 6, 7). In the spring the number of plants observed in the cotyledon stage was greater in the absence than in the presence of cereal (Fig. 7) . The effect was even more marked in the autumn, indicating that relatively more seeds were produced on the charlock plants in plots without cereal. Because of the unfavourable climatic conditions of the drought year, the variability between treatments was greater, and therefore the suppressing effect of the cereal was not significant except at the highest charlock density (Tables 2,  3 ). The drought affected the survival of the seedlings emerging in spring more than those established during the winter months, and more charlock plants died in the presence than in the absence of cereal probably due to greater loss of water through evaporation from the crop than from bare ground (Fig. 7(b) ). The variability between the plots increased each year, and for this reason the suppressing effect of the cereal in the third year was only significant at the high charlock density in the spring, but was highly significant at all densities in the autumn (Tables 2, 3, Fig. 6 ). 
Intra-speczjic competition, effect of charlock density
Differences in density in relation to the initial seed rates remained highly significant throughout the 3 years despite the proximity of the plots. There was some evidence for segregation of genotypes with reduced dormancy. For example, in two instances illustrated in Fig. 8 , three plants on one plot (first autumn, high density, 21% germination) and one isolated plant on an unsown plot (third autumn, zero density, 4.8% germination and 386 seedlings) yielded large numbers of seedlings. Interaction effects were generally due to the fact that the numbers of charlock plants were reduced more with the cereal than without (P < 0.05). In the drought year there was also a highly significant interaction with cultivation because the charlock plants were reduced more by spring cultivation at high than low density (Tables 2, 3) . 
EfSect of cultivation
Time of year of cultivation was only significant (P < 0.001) in the second year when more seedlings emerged in the spring than in the autumn cultivated plots (Tables 2, 3,  Figs 6, 7) . The lack of difference in the first year was because the plots had numerically identical seed numbers. In the second year, in the spring cultivated plots, some seedlings emerged early before cultivation but more plants were established after rain in late May from seeds brought to the surface by cultivation. The interaction between cereal and cultivation was also only significant (P < 0.001) in the second year when the numbers of plants in the spring cereal were much less than without. Although the reverse result occurred in the third year when more plants were found on the winter than on the spring cultivated plots the effect was not significant. The difference was related to the fact that relatively fewer seeds had germinated in the autumn than in the spring cultivated plots in the second year and thus there were more buried seeds available in the winter cultivated plots. Continual slight disturbance of the soil surface to remove small seedlings of other weed species enhanced germination on all the plots (Harper, Williams & Sagar 1965) . 
Flowering plants
Most plants of the spring generations came into flower, but survival of plants from the autumn generations was poor; few of the latter plants flowered and as far as is known none shed viable seeds. Each year the onset of flowering occurred in mid-May (Fig. 2(c) ). The span of the vegetative phase in the first year was 7 to 8 weeks; this was prolonged in the drought year to 9 weeks for seedlings which emerged early in spring, and 14weeks for seedlings which emerged in late May; and in the third year it was only 6 weeks. The main difference in the extent and periodicity of flowering was attributable to the climate but the competitive effect of the cereal also restricted growth and development preventing small plants from reaching the flowering stage (Table 4) .
Seeds
Starting from a small initial source (200 seeds m-2) an estimated 4980 seeds m-2 were shed in the first year, but drought reduced production to 40 seeds m-2 in the second, while the number increased markedly in the third year when 14 290 seeds m-2 were shed (Fig. 
2(d)).
In the first year all the seeds were shed during August and September (348 980 t Apart from the climate the main treatment affecting seed development was the presence or absence of the cereal (Table 5 ). Using logl,(x + 1) transformation, an analysis of the maximum number of seeds produced each season on the different plots showed a highly significant reduction in seed yield in the presence of either winter or spring cereal, and this effect was apparent even in the drought year. There was no significant increase in seed yield under a system of winter cultivation, although this could have been masked by individual plot and plant variation. The data (Table 4) suggest the earlier development of more and larger plants having a higher reproductive capacity after winter cultivation than after delayed emergence and growth following cultivation in the spring. Differences in estimated seed fall due to the initial differences in seed density were highly significant. Starting from the original densities of 0: 120:480 seeds m-2, the values at the end of the first year were 12: 2034: 12 629 seeds m-2, and ignoring the erratic seed yield in the drought year the values in the third year were 1571 :13 940:27 357 seeds m-2. The initial difference between the two higher densities was reduced to about a half by the third year. The difference between the sparsely sown and unsown areas was greatly reduced because the unsown plots became contaminated with isolated plants of high reproductive capacity and non-dormant characteristics (Fig. 8) .
Overall the charlock population increased greatly in autumn (Table 6 , Fig. 9) , and under normal climatic conditions in the first and third years, population gain by far exceeded loss, because the proportir~n of the total seed population which germinated was so small. In the drought year more seeds were lost through death of seedlings and young plants than were gained by seed production, but the loss was comparatively small, and ( c ) the seed population may be regarded as static for that year. The estimated total number of seeds accumulated on the experimental area under the winter cereal was 115 994 (6500 seeds m-Z), and under the spring cereal it was 11 1 994 (6300 seeds m-2). These values are close to those for seed population densities estimated from buried seed populations in arable fields (von Hofsten 1947b; KropAE 1966) . Significantly higher population densities were accumulated in areas without cereal; under winter fallow 683 710 (38 000 seeds m-2) and under spring fallow 479 537 (27 000 seeds m-2). No measurement of seed mortality was included, therefore it is not possible to obtain an estimate of the viable seed population from these data.
DISCUSSION
In any one field, the distribution of charlock plants appears to be very variable. Reanalysis of an extensive survey in Sweden by von Hofsten (1947b) , who mapped the distribution of individual charlock plants over an entire cultivated field of about 7 ha, showed that in the area of highest density there were 240 plants m-2, half the field had 10 to 100 plants m-2, 25% 1 to 10 plants m-2, and the remainder (15%) none. Populations in the British Isles before the widespread use of herbicides have been estimated to be between 65 and 264 plants m-2 (Blackman & Templeman 1936; Thurston 1966) but in the present field survey only 3 to 36 plants m -2 were found. A significant reduction in charlock population density in recent years attributable to the high sensitivity of the species to herbicides has been found (Roberts & Stokes 1966; Fryer & Chancellor 1970; Audus 1976) . Because a positive correlation was found between plant size and density when the number of charlock plants was less than 20 plants m-2, charlock does not appear to be highly competitive at low population densities. At higher charlock density, competition between neighbouring charlock plants and the cereal crop resulted in a diminution of individual plant size. The assumption that charlock is a highly competitive weed species is probably based on high charlock population densities which are no longer found in the field. The continuous recording of plant populations in the multifactorial experiment showed that the fluctuations in charlock populations throughout the year may be resolved into two seasonal peaks representing two distinct generations of plants, the autumn generation arising from non-dormant seeds newly shed in the immediate vicinity of the parent plants, and the spring generation arising from dormant buried seeds lifted from the deeper layers to the soil surface by cultivation. Many species have a two-fold seasonal rhythm with distribution curves rising to a maximum in spring and autumn. These, and short lived species, may progress through more than two generations per annum (Roberts 1964; Fryer & Evans 1968; Popay & Roberts 1970; Roberts & Feast 1970) . Seasonal rhythm in seedling emergence in some species is associated with two or more morphologically or physiologically (Cavers & Harper 1966; Harper, Love11 & Moore 1970 ) distinct types of seeds. In this species continuous variation in size and colour depending on degree of development and maturation was observed and continuous variation in seed dormancy may also occur. Segregation into distinct autumn and spring generations was considered to be largely dependent on climate and cultivation.
Variation in the establishment of the spring population of plants was dependent on seasonal differences in solar radiation, temperature and rainfall (and possibly a light response reaction enhanced by burial, von Hofsten 1947a; Wesson & Wareing 1969; Frankland 1976 ). There was a critical effect of drought in the second year, with distinct evidence of mortality. The size of the autumn population varied erratically with the climatic effects on seed development and maturation in the previous growing season. The autumn generation was eliminated either by climate or cultivation, and had little influence on the capacity for survival of the species.
Inter-and intra-specific plant competition within the community had a subsidiary influence on survival. During the spring, the cereal exerted a direct suppressing effect on the emergence and establishment of seedlings, and a morphogenic effect by reducing plant growth, development and reproductive capacity. The effect of competition on plant size and reproductive capacity was more important in controlling the population than plant survival. Experiments on competition between charlock and cereal in artificially constructed communities in the field (Pavlychenko & Harrington 1934; Blackman & Templeman 1938; Burrows & Olson 1955; Welbank 1963; Idris & Milthorpe 1966; Alex 1970) have used much greater densities of charlock plants than those found in the field. While these studies have been useful in relating competitive effects to the availability of light, water and nutrients, they may have over emphasized the role of mortality in naturally occurring populations. An exact picture of the dynamics of populations requires the study of the life cycle of individual plants but this has been carried out for only a few species (Harper 1977) .
Time of year of cultivation interfered in a highly predictable way, perpetuating both the spring generation and dormancy. The pattern of seedling emergence in charlock is a function of environmental and inherent genetic factors controlling dormancy through physiological mechanisms (Edwards 1968 (Edwards , 1973 . Continuous variation was found in the germination progeny of individual plants, and there was segregation of single genotypes with reduced dormancy, indicating that dormancy is under genetic control (Witcombe & Whittington 1972) .
The survival of the species depends on the seed population, which is numerically far greater than the actively growing plant population. Re-analysis of von Hofsten's (1947b) field data showed that the plant population was positively correlated (r = 0.52 F = 63.75, P < 0.001) with the seed population near the surface of the ground. The maximum population density of living seeds was between 15 and 25 cm below the soil surface. Charlock seeds have been recognized (Quartley & Wellington 1962) in studies of the buried weed seed flora of the British Isles. Comparatively low values (70-700 seeds m-2) have frequently been recorded (Brenchley 191 8 ; Champness & Morris 1948 ; Chippindale & Milton 1934; Milton 1943; Wesson & Wareing 1969) . Maximum estimates range from 2000 to 11 000 seeds m -2 in pasture more than 40 years old (Chippindale & Milton 1934) and in a 3 year ley (Milton 1943) . The seed population estimated from the natural seed fall under the cereal (6000-6500 seeds m-2, error 10-2073 was similar to the seed population densities estimated from seed populations in arable fields. Exceedingly high seed population densities were accumulated in areas without cereal (27 000-38 000 seeds m-2), indicating the enormous potential reproductive capacity available for survival.
Von Hofsten (1947b) estimated that on average 1.5% of the seeds present in the field germinated and emerged each year, compared with a value of approximately 2.5% in the present study. A detailed survey by KrophC (1966) in Poland included two sites one with high (RuzynC) and one with low (KBstice) density of charlock. At the high density, there were 3600 viable seeds m-2, 700 injured but possibly viable seeds m-2, and 600 nonviable and fragmentary remains of seeds m-2. In general it may be assumed that there is an exponential decline of a seed population to which no new seeds are being added, the components contributing to the decline being the number of emerged seedlings, the number of unemerged seedlings which decay in the soil, and the number of seeds lost due to death and decay in the soil (Roberts 1964; Roberts & Dawkins 1967; Roberts & Feast 1970; Roberts 1972) . From the data of KrophC (1966) , the ratio of the decaying seeds to the sum of the decaying and viable seeds was found to be remarkably constant (17.0 and 18.8%) and on average 17.9%. Assuming this value for the rate of death and decay, the total losses including germination (2.5%) were about 20.4%, giving an estimated rate of depletion of the soil population of 0.228, and a half-life of the buried seed population of about three years. Application of the exponential model predicts that in the absence of further seed fall, the population would be reduced by about one order of magnitude every 10 years. In simple terms, these data show that the estimated survivorship of seeds in the soil is constant at c. 0.80 per annum, and this leads to exponential decay; in good years a germinated seed which survives produces about 500 new seeds, or each seed in the soil produces about 12.5 new seeds which means that a population needs about one good year in eleven to maintain itself.
